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Abstract: Background: The conversion of sunlight to electrical power has been dominated by solidstate junction devices, often made of silicon. However, this dominance is now being challenged by
the emergence of the new generation of water splitting cell (integration of photovoltaic system with
an electrolyzer to generate clean and portable H2 energy carrier. This cell normally is based on
nanocrystalline materials, which offers the prospect of cheap fabrication together with other attractive feature such as high chemical stability and flexibility in aqueous solution under evolving oxygen
(O2) gases. However, nanocrystalline materials are facing few drawback such as recombination
losses of charge carriers and less response under visible spectrum. Therefore, an effort to minimize
the recombination losses of charge carriers and extended the spectral response of TiO2 NTs into visible spectrum by incorporating an optimum amount of lower band gap and suitable band edge position semiconductor (cadmium selenide [CdSe]) into the lattice of TiO2 NTs.
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Methods: An efficient approach has been demonstrated in this research work to enhance the solardriven photoelectrochemical (PEC) water splitting performance by decorating CdSe species into
highly ordered TiO2 nanotubes (NTs) film through a facile and cost-effective chemical bath
deposition. Morphology, chemical properties, and electronic structures have been studied.
Results: A maximum photocurrent density of ~2.50 mA/cm2 at 0.6V versus Ag/AgCl electrode was
exhibited by TiO2 NTs with the presence of approximately 1 at % of CdSe species. The presence of
CdSe species offered an improvement of photocurrent density under solar irradiation due to the
effective mediators to trap the photo-induced electrons and minimizes the recombination of charge
carriers within the lattice of TiO2 NTs.
Conclusion: Hybrid CdSe-TiO2 NTs were successfully fabricated through chemical bath deposition
method in order to study the synergistic coupling effect of CdSe with TiO2 NTs on the PEC
performance. By bathing pure TiO2 NTs film in a 5 mM CdSe precursor solution extensively covered
by approximately 1 at % CdSe exhibited the highest jp of 2.50 mA/cm2 among the samples. However,
excessive deposition (≥5 mM) was neither negatively affected by the self-organized NTs nor
decreased in jp. This condition inferred that higher ionic product (Cd and Se ions) leaded to rapid
ion-by-ion condensation or adsorption of colloidal particles clogged the opening pore’s mouth of
TiO2 NTs. Thus, an improvement in the photoresponse was observed when optimum amount (~ 1 at
%) of the CdSe was deposited on TiO2 NTs film.
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1. INTRODUCTION
In 1972, Fujishima and Honda discovered the water
splitting process for hydrogen (H2) generation using titanium
dioxide (TiO2) electrodes, which has been revolutionized the
photovoltaic industry [1]. Since then, the improvements have
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been made to give photovoltaic more accessibility in the
global energy market. The conversion of sunlight into electrical power has been dominated by solid-state junction devices, often made of silicon [2, 3]. However, this dominance
is now being challenged by the emergence of the new generation of water splitting cell (integration of photovoltaic
system with an electrolyzer to generate clean and portable H 2
energy carrier. The main disadvantage of the photovoltaic is
that, it does not operate well at night or during the period of
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bad weather. Thus, storage of energy as chemical fuel in the
H2 form is essential [4].
The energy can be stored in H2 fuel within a fuel cell can
then be efficiently converted into electrical energy and be
available at all times. This cell normally is based on nanocrystalline materials, which offers the prospect of cheap fabrication together with other attractive feature such as high
chemical stability and flexibility in aqueous solution under
evolving oxygen (O2) gases.
Those materials also have reasonably high incident light
to current generation when operated in a water splitting cell
[5, 6]. In this manner, photoelectrochemical (PEC) water
splitting process emerged as one of the most promising
methods for producing H2 with the properties of high efficiency, economy and facile manufacture. Indeed, PEC water
splitting process is the general term for a chemical reaction
in which water is separated into O2 and H2 using photocatalyst that catalyzes the water splitting reaction [7]. In this
case, TiO2 has been extensively used as an efficient photoelectrode in PEC water splitting system for H2 generation because of its unique characteristics, including suitable thermodynamic potential, high stability against photocorrosion
and strong oxidation stability [8-10]. In general, TiO2 thin
film photoelectrode generally does not possess large active
surface area for PEC reactions. Therefore, maximizing the
specific surface area of TiO2 thin film is crucial. In the present study, TiO2 nanotubes (NTs) are considered an ideal
photoelectrode because of their inner and outer wall surface
area of nanotube that greatly increases the density of the active sites available for photon absorption.
Nevertheless, an obvious hindrance to the widespread use
of TiO2 NTs as a photoelectrode in PEC water splitting cell
is its poor visible light response and rapid recombination rate
of charge carriers. In fact, pure TiO2 NTs photocatalyst can
only effectively function under the UV region (λ < 400 nm)
and it only contain about 4-5% of UV rays from our solar
energy. Thus, utilization of visible light from our solar energy is essential that lead to the higher photoconversion efficiency in water-splitting applications [11-13]. In fact, these
drawbacks cannot be overcome by only optimizing the dimensions of TiO2 NTs itself. Thus, considerable efforts have
been exerted to minimize the recombination losses of charge
carriers and extended the spectral response of TiO2 NTs into
visible spectrum by incorporating an optimum amount of
lower band gap and suitable band edge position semiconductor (cadmium selenide [CdSe]) into the lattice of TiO2 NTs.
As a result, band gap narrowing effects could expand the
range of excitation light to the visible region and provide
sites that slow down the recombination of charge carriers
[14, 15].
Many studies highlighted the coupling mechanism between CdSe and TiO2 to facilitate better charge carrier separation and visible light response [14, 15]. However, most of
these studies involved photocatalysts in the form of particles/spheres or thin films, which do not possess high enough
surface area for photon absorption. Therefore, detail studies
regarding the relationship of the CdSe species incorporated
into TiO2 NTs via chemical bath deposition technique has
been established in this work. To the best of our knowledge,
incorporation of CdSe species into TiO2 NTs using a facile
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and cost-effective chemical bath deposition technique to
improve PEC water splitting performance is still lacking.
Thus, a comprehensive study was conducted to optimize the
molarity of CdSe precursor during chemical bath deposition
in order to obtain the desired CdSe-TiO2 NTs, resulting in
best PEC water splitting performance.
2. MATERIALS AND METHOD
Ti foil samples (thickness of 0·127 mm, purity 99·7%,
sigma aldrich) were placed in an electrolyte that consisted of
ethylene glycol (EG) with 0.5 wt % of ammonium fluoride
(NH4F) and 5 vt % of hydrogen peroxide (H2O2) during the
electrochemical anodisation process. Anodisation was
performed at a constant potential of 40 V by a DC power
supply (CBS Scientific EPS-200X) for 60 minutes. The
configuration of the electrochemical anodization cell is
shown in Fig. (1). Anodized samples were further annealed
at 400°C for 4 hours in air atmosphere and the heating rate
was fixed at 5°C/min and naturally cooled down to obtain
pure anatase phase of TiO2 NTs film. In the present study,
two steps were employed to assemble CdSe species into the
pure anatase phase of TiO2 NTs film. Firstly, 0.6M of
sodium sulphite (Na2SO3) and 0.2M of selenium metal
powder were added in 100 ml distilled water and then heated
under reflux at 90°C for 3 hours in order to form a clear
Na2SeSO3 solution. Secondly, cadmiun precursor was
prepared by dissolving 0.2M of cadmium acetate dehydrate
Cd(CH3 COO)2 • 2H2O in 50 ml deionized water. Next,
concentrated ammonia solution (30%) was then added into
the above mentioned mixture slowly. Both as-prepared Cd
and Se precursors were mixed and homogenized by vigorous
stirring for about 10 minutes. Meanwhile, ammonia was used
to adjust the pH of the solution between 12 and 12.5 in order
to prevent the reverse reaction of Cd(NH3)42+ to form stable
cadmium hydroxide Cd(OH)2. The pure anatase phase of
TiO2 NTs film was then soaked in the bath solution for 6
hours. The sample was rinsed with deionized water and dried
in an oven for overnight.

Fig. (1). Electrochemical anodization cell experiment set-up for
synthesizing CdSe-TiO2 nanotubes film.

The surface and cross-sectional morphologies of hybrid
CdSe-TiO2 NTs film were investigated via Field Emission
Scanning Electron Microscopy (FESEM) using a JEOL JSM
7600-F operated at 5 kV and 10 kV with working distance of
approximately 1 mm, whereas the element analysis was performed by Energy Dispersive X-ray Spectroscopy (EDX)
analysis with an Oxford Instruments. Moreover, phase transition and crystallinity of synthesized CdSe-TiO2 NTs film
were investigated using Raman Spectroscopy and X-ray
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diffraction (XRD). In this case, Raman spectrometer
(Renishaw inVia, United Kingdom) was operated over the
range of 100 cm-1 to 1000 cm-1, at an excitation wavelength
of 532 nm generated by an Ar ion laser. XRD (Bruker AXS
D8 Advance, Germany) analysis was conducted using a Cu
target (Nickel filter), Kα radiation (λ = 0.1546 nm) at
scanning rate over angle, 2θ in the range 20-70°. Meanwhile,
the binding energy and chemical state of the synthesized
CdSe-TiO2 NTs film was determined and quantified by Xray Photoelectron Spectroscopy (XPS), PHI Quantera II
scanning X-ray microprobe, Japan with Al cathode (hv =
1486.8 eV) with 100 microns spot size and 280 eV pass
energy. The PEC properties of the synthesized CdSe-TiO 2
NTs films were then characterized using a three electrodes
PEC water splitting cell under solar irradiation. The working
electrode, platinum rod served as the counter electrode and
Ag/AgCl in saturated KCl served as the reference electrode
were consequently dipped in electrolyte used for PEC cell
consisted of 1M KOH aqueous solution. All three electrodes
were connected to the potentiostat (Autolab PGSTAT 204,
Netherlands) by using a control software NOVA for
electrochemical measurements. A 150W Xenon lamp (Zolix
LSP-X150, China) was used as the light source, with
intensity 100 mW/cm2 light beam was focused on the
immersed portion of working electrode.
3. RESULTS AND DISCUSSION
The influence of CdSe precursor’s molarity on the
morphology of the self-organized TiO2 NTs is discussed.
FESEM micrographs of the TiO2 NTs surfaces after soaking
in different CdSe precursor’s molarity [1 to 15 mM] for 1
hour are shown in Fig. (2). The top view of CdSe-TiO2 NTs
and cross-sectional views of CdSe-TiO2 NTs [inset in Fig.
(2)] are presented. The EDX analysis was summarized in
Table 1. As shown in the Fig. (2b), sample bathed in 1 mM
deposition molarity revealed similar appearance to the pure
TiO2 NTs due to the low concentration of Cd and Se species
in the bath solution [16] (the ionic product of Cd2+ and Se2ions not exceeds the solubility product (SP) of CdSe). As
determined through EDX, TiO2 NTs soaking in 1 mM of
CdSe precursor’s molarity consisted of 0.35 at% Cd and 0.27
at% of Se content. Further increased the precursor molarity
up to 3 mM, 0.68 at% of Cd and 0.56 at% of Se were found
within the CdSe-TiO2 NTs, respectively. From Fig. (2c),
irregular nanoclusters were formed on the pore entrance of
NTs and increased the tube thickness to ~22.5 nm. However,
as the molarity of the precursor solution increased to 5 mM,
it was noticed that the resultant TiO2 NTs were extensively
covered by aggregated CdSe nanocluster with approximately
of 1.19 at % of Cd and 1.06 at% of Se, respectively (Fig.
2d). At the deposition molarity of 10 mM, some sphere
structure with an average diameter of 170 nm was observed
in Fig. (2e). It was found that the NTs pores at the entrance
were completely clogged with the CdSe sphere and
negatively affected the growth of self-organized NTs. A
higher Cd content of 2.41 at% and Se content of 2.24 at%
were recorded from EDX analysis. These results inferred that
the incorporation of Cd and Se species becomes prominent
with the increasing of deposition molarity. At high
deposition molarity of 15 mM, bigger spheres with the
approximately size of 245 nm were formed on or nearly to
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the pore entrance of the NTs (Fig. 2f). The average Cd and
Se at% content within the CdSe-TiO2 NTs was further
increased to approximately 4.14 and 3.86 at%, respectively.
In general, higher ionic product (Cd and Se ions) than
solubility product (CdSe solid phase) was achieved when
applying the deposition molarity of Cd and Se precursors
more than 5 mM. Therefore, this condition leads to rapid
formation of ion-by-ion condensation of the Cd2+ species and
Se2− species or by adsorption of colloidal particles from the
solution onto the TiO2 NTs [17, 18]. Average elemental
compositions of the pure TiO2 NTs and CdSe-TiO2 NTs with
different deposition molarity based on the EDX spectra are
summarized in Table 1.
Based on our previous study, heat treatment of anodic pure
TiO2 NTs at 400°C could transform the amorphous structure
into the crystalline anatase phase [19]. Therefore, in the
current study, anatase TiO2 phase was formed by annealing
the anodized pure TiO2 NTs at 400°C in an air atmosphere.
The XRD patterns of the pure TiO2 and CdSe loaded TiO 2
NTs as a function of deposition molarity are shown in Fig.
(3). Obvious diffraction peaks from the XRD pattern
attributed to the anatase phase. The diffraction peaks at
25.37°, 38.67°, 48.21°, 54.10°, 55.26°, 62.66° and 68.74° are
corresponding to (101), (112), (200), (105), (211), (204) and
(116) crystal planes of the anatase phase respectively
[JCPDS No 21-1272]. Besides the peaks coming from
anatase phase, there are also diffraction peaks from Ti
substrate at 35.1°,38.4°,40.2° and 53.0°, which correspond to
the crystal planes of (100), (002), (101) and (102)
respectively [JCPDS No 44-1294]. All the X-ray diffraction
peaks are indexed to anatase phase TiO2 and Ti metal itself
indicating the incorporation of CdSe does not change the
lattice structure of TiO2 [20]. Moreover, small characteristic
diffraction peak of cubic zinc blended phase CdSe at 49.7°
appeared in the sample soaked in 10 and 15mM respective to
crystal plane of (311) [JCPDS No 19-0191]. In addition,
there was also an obvious increased of the diffraction peak at
25° was observed at the deposition molarity of 15 mM. This
is due to overlapping of the peak of (111) plane (25.35°) of
cubic phase CdSe and the peak of (101) planes of anatase
TiO2. No obvious CdSe phase was observed in the XRD
patterns for the lower content CdSe (< 2 at% from EDX
analysis). A possible explanation might be attributed to the
insensitive of XRD analysis to detect very low content
element within TiO2 NTs [20, 21].
The resultants Raman spectra are presented in Fig. (4) to
enhance the confirmation of the existent of cubic CdSe phase
on hybrid CdSe-TiO2 NTs. The major characteristic peaks at
144, 394, 515, 636 cm-1 were detected from the Raman
spectrums are assigned as Eg, B1g, A1g, and Eg four modes.
They corresponded well with the bonding vibration of
anatase phase of TiO2 and were also consistent with XRD
results. In this case, Eg peak is mainly contributed by
symmetric stretching vibration of O−Ti−O in TiO2, the B1g
peak is caused by symmetric bending vibration of O−Ti−O,
and the A1g peak is caused by antisymmetric bending
vibration of O−Ti−O [22, 23]. However, the intensity of the
Raman peaks decreased with increased precursor solution
molarities, which indicates increased in cubic CdSe content.
As a matter of fact, an ambiguous peak at 206 cm-1 which
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Fig. (3). XRD diffraction patterns of (a) pure TiO2 NTs and CdSeTiO2 NTs soaked in (b) 1, (c) 3, (d) 5, (e) 10, and (f) 15 mM of
CdSe precursor solution for 1 h. [A = anatase, T = Ti metal, C =
CdSe].

Fig. (2). FESEM images of pure TiO2 NTs soaked in (a) Pure
TiO2 NTs, (b) 1, (c) 3, (d) 5, (e) 10 and (f) 15 mM CdSe solution
for 1 h. Insets are the side view of the samples.
Table 1. Average at% of pure TiO2 NTs and CdSe-TiO2 NTs
synthesized at different molarities using EDX analysis.
Molarity of
CdSe (mM)

Ti (at%)

O (at%)

Cd (at%)

Se (at%)

0.0

38.46

61.54

-

-

1

38.22

61.15

0.35

0.27

3

38.93

59.82

0.69

0.56

5

39.97

57.78

1.19

1.06

10

40.04

55.31

2.41

2.24

15

35.79

56.20

4.14

3.86

could be detected from the Raman spectra corresponded to
the first order for CdSe longitudinal optical phonon (LO)
[24]. It becomes more obvious with the samples subjected to
higher precursor solution molarity of 5, 10 and 15 mM.
The quantitative analysis of the electronic structures and
chemical properties of different elements in CdSe loaded
TiO2 NTs was further analyzed by XPS analysis as shown in
Fig. (5). Representative samples [CdSe loaded TiO2 NTs
deposited in 5 mM CdSe precursor solution, and pure TiO 2
NTs] were selected for the XPS analysis. The element of C,
Ti, O, Cd, and Se were detected from the XPS survey spectra
for the sample of CdSe loaded TiO2 NTs, which indicated

Fig. (4). Raman spectrum of (a) Pure TiO2 NTs and CdSe loaded
TiO2 NTs deposited in (b) 1, (c) 3, (d) 5, (e) 10, and (f) 15 mM of
CdSe precursor solution.

that the CdSe compound was successfully loaded on
nanotubes. Interestingly, pure TiO2 NTs did not exhibit any
peak of Cd and Se elements from the XPS survey spectra.
The resultant XPS survey spectra also further confirmed the
EDX elemental identification analysis as presented in
Table 1.
In the present study, linear sweep potential was used to
measure photocurrent density, jp under an applied potential.
jp-V characteristic curves for the synthesized CdSe-TiO2 NTs
using different precursor molarities (Fig. 6). The jp was
increasing under illumination. A maximum jp of 2.50
mA/cm2 was obtained for TiO2 NTs deposited with 5 mM
CdSe precursor. It was relatively higher as compared to the
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pure TiO2 NTs itself with the jp as 1.45 mA/cm2. These
results are in line with literatures, which suggested that the
presence of optimum CdSe species into TiO2 NTs could
improve their character of large extinction coefficient in
absorbing the visible light from solar [25]. In this case, more
electrons could be injected into the conduction band of TiO2.
Thereby, those photo-induced electrons transported rapidly
from the TiO2 NTs’ wall to the Ti substrate for high
photocurrent generation. As the precursor solution molarity
was increased up to 15 mM, the jp relatively decreased, and
reached a minimum jp of 1.27 mA/cm2. The reduction of jp
was ascribed to the higher amount of CdSe species decorated
on TiO2 NTs resulted in large particle size and therefore
decreasing CdSe species dispersion, which might be acted as
recombination centers. As presented in Figs. (2e) & (2f), the
excess CdSe species decorated on the NTs’ wall surfaces
clogged on the open pore of the NTs. Thus, increased the
surface barrier and eventually formed recombination centers
for charge carriers. Therefore, fine-tuning the CdSe content
within the TiO2 NTs is important to develop an efficient
solar light-driven photocatalyst. In general, size and
distribution of CdSe species on TiO2 NTs have significant
influence on the PEC water splitting performance. These
aggregated CdSe spheres definitely decrease the active
surface area of TiO2 NTs and eventually reduce sample’s
photoresponse under light illumination [8]. Large CdSe
spheres also could serve as recombination centers of the
photogenerated holes and electrons by preventing injection
of electrons into the TiO2 NTs network as effectively as
smaller sized CdSe nanoparticles [26].
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Fig. (6). The jp-V characteristic curves of CdSe-TiO2 NTs soaked
with different molarities of CdSe precursor: (a) 5 mM, (b) 3 mM,
(c) 1 mM, (d) pure TiO2 NTs, (e) 10 mM, and (f) 15 mM.

ion-by-ion condensation or adsorption of colloidal particles
clogged the opening pore’s mouth of TiO2 NTs. Thus, an
improvement in the photoresponse was observed when
optimum amount (~ 1 at%) of the CdSe was deposited on
TiO2 NTs film.
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Fig. (5). XPS survey spectra of CdSe–TiO2 NTs and pure TiO 2
NTs.

CONCLUSION
Hybrid CdSe-TiO2 NTs were successfully fabricated
through chemical bath deposition method in order to study
the synergistic coupling effect of CdSe with TiO2 NTs on the
PEC performance. By bathing pure TiO2 NTs film in a 5 mM
CdSe precursor solution extensively covered by
approximately 1 at% CdSe exhibited the highest jp of 2.50
mA/cm2 among the samples. However, excessive deposition
(≥5 mM) was neither negatively affected by the selforganized NTs nor decreased in jp. This condition inferred
that higher ionic product (Cd and Se ions) led to rapid
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